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ABSTRACT: An investigation of the thermal front in southeastern Lake Michigan during April 1988 revealed a
dynamic physical, chemical, and biological environment. The front was observed approximately 4 km from the
coast as a distinct gradient separating cold open-lake waters from warmer nearshore waters. Surface isotherms near
the front were generally parallel to one another but skewed with respect to shore. Comparison between April 22
and 29 showed that the surface isotherm pattern was modulated by wind stress. The pattern from April 29 showed
signs of flow instabilities with horizontal scales of 1 km to 5 km. Surface drifter trajectories provided estimates of
horizontal convergence at the front which varied from 7 x 10-°s-! to 20 x 10-°s~'. Inferred rates of downwelling,
which ranged from 9.5 m d~* to 20.7 m d~!, were sufficient to move a water parcel from the surface to the bottom
in 2 d to 6 d at the front. Convergent circulation was observed on both sampling dates despite contrasts in wind
stress. Concentrations of chloride, soluble silica, and chlorophyll, which were always higher inshore, were 5% to
82% larger than offshore mean values. The aquatic environment just inshore of the thermal front was characterized
by chlorophyll concentrations which exceeded 5.0 ug 1-! while concentrations offshore were between 1.0 ug I-! and
2.0 ug 1", A relatively uniform vertical structure in chlorophyll concentrations in the frontal zone was consistent
with the observed convergence and inferred downwelling near the front. :

Introduction through June in the Laurentian Great Lakes, is

The spring transition in large lakes from weakly dominated by high gradients in the temperature,
stratified winter conditions to strongly stratified nutrient, and plankton fields associated with the
summer conditions is characterized by formation front. Similar to many temperate estuaries, 2 com-
of a coastal thermal front (Boyce 1974; Csanady bination of solar warming, boundary heat flux
1978). This transition, which occurs from April (spring runoff), coastal bathymetry, and surface
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wind stress causes a frontal system to develop (Ti-
khomirov 1963; Rodgers 1966, 1968; Saylor et al.
1981). Initial warming, which is primarily due to
river runoff, begins in shallow, nearshore waters
where the offshore edge of the frontal system is
marked by a nearly vertical 4°C isothermal surface
separating cold offshore water from warmer in-
shore water,

Persistent frontal structures in fluid media nor-
mally require a convergent circulation to sustain
them because large spatial gradients tend to be
diminished by mixing processes. Due to the mor-
phometry and the thermal mass of each Great Lake,
and the nature of the heating processes, each basin
primarily warms from the edges inward. As the
near freezing water warms to 4°C, the temperature
of maximum density for fresh water, the edge-wise
warming process leads to formation of water with
maximum density. As this dense water sinks to the
bottom, adjacent surface waters converge and pro-
mote the juxtaposition of cold (T < 4°C) offshore
and warmer (T > 4°C) inshore waters at the ther-
mal front. If the surface convergence rate is great-
er than the natural dispersion rate for fluid parcels
in this environment, then the frontal system sus-
tains itself.

Repeated observations of frontal systems and
simple scaling arguments indicate that limnological
vernal fronts can persist up to 90 d (Huang 1969,
1972). The associated surface convergence and dif-
fusion velocities are comparable and of the order
of 1 cm s~! (Okubo 1980). In the Great Lakes, the
vernal front progresses from shore to the center
of the lake at a rate of 0.5-1.0 cm s~! (Scavia and
Bennett 1980). Although this progression has tra-
ditionally been viewed as a thermodynamic pro-
cess, the broader view indicates that nearshore sur-
face waters physically “follow” the frontal zone
lakeward. As these nearshore surface water parcels
evolve when they move offshore, they promote en-
hanced primary production and subsequent higher
trophic level interactions (Davis et al. 1980).

Maximum flows and high concentrations of sus-
pended materials, dissolved organic matter, and
dissolved nutrients are vernal characteristics of the
rivers in the Great Lakes basin (Schelske et al. 1980;
Moll and Brahce 1986). The consequences of the
heightened riverine inputs are several; nearshore
areas become chloride- and nutrient-enriched (Da-
vis et al. 1980; Chang and Rossmann 1988), with
gradients in most suspended and dissolved mate-
rials observed across the front (Rossmann 1986).
Injection of algae from river runoff into the near-
shore zone may serve as a “‘seed” population for a
phytoplankton bloom immediately inshore of the
front (Bowers et al. 1986). Phytoplankton blooms
associated with the thermal front are at first con-
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Fig. 1. Sampling site in southeastern Lake Michigan with
4°C isotherm and EBT /water chemistry stations from April 22
and 29 indicated on map. Solid line and dark circles are isotherm
and stations from April 22. Dashed line and open squares are
isotherm and stations from April 29.

fined to nearshore waters but then move offshore
as the front migrates at a rate that approaches 1
km d-! toward the end of the spring transition
period (Stoermer 1968; Scavia and Bennett 1980;
Chang and Rossmann 1988). Field studies and sat-
ellite imagery have shown that the greatest con-
centrations of chlorophyll and phytoplankton cells
are located at or just inshore of nearshore fronts
(Moll et al. 1980; Moll and Brahce 1986; Mortimer
1988).

The processes described above that are associ-
ated with the early development stages of vernal
thermal fronts in large temperate lakes have sev-
eral similarities to those related to temperate North
American estuaries. Temperate estuaries and the
nearshore zone of large lakes are impacted by the
influx of a large amount of river runoff. This run-
off creates a distinct front or transition zone be-
tween the surface plume of river water and the
receiving waters. One special form of the estuary,
the hypersaline system, can have physical condi-
tions especially similar to limnetic vernal thermal
fronts (Pagés et al. 1987). The material presented
below discusses several salient aspects of thermal
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fronts in large lakes and then draws comparisons
to estuarine frontal systems.

Using a combination of new field data and his-
torical information, this paper examines two ques-
tions related to freshwater vernal fronts. These
questions address the relation of the physical vari-
ability and structure of the frontal system to the
distribution of dissolved and suspended matter in
the vicinity of the front.

What are the surface thermal fields and currents
in the immediate vicinity of the front? Although
the outer edge of the frontal system is marked by
the 4°C surface temperature, there is a finite width
and structure to the system. To date, the detailed
structure and variability ranges for the velocity and
temperature fields are poorly quantified even
though they help determine the chemical and bi-
ological properties of the frontal system.

Are the distributions of chemical and biological
properties consistent with the observed physical
variability? Property exchange near the frontal
boundary appears to be an important aspect of the
frontal system. To date, only one field and one
modeling study address this aspect of Great Lakes
frontal systems. The results of the study reported
here are unique in that many of the important
fields (physical, chemical, and biological) are mea-
sured such that they were co-located in time and
space so that they could be quantitatively related.

Methods
STUDY AREA AND SAMPLING APPROACH

The sampling site was centered 10 km south of
the mouth of the Grand River on the eastern side
of Lake Michigan (Fig. 1). Prior studies have shown
that the timing of the spring thermal front is rel-
atively consistent in this area (Moll and Brahce
1986; Chang and Rossmann 1988; Mortimer 1988).
The sampling was conducted on April 22 and 29,
1988, and consisted of three components. First,
the thermal front was located and mapped using
temperature observations to determine spatial
structure. Second, surface current characteristics
near the front were determined from drogue stud-
ies to estimate advection and convergence rates.
Third, distributions of dissolved and suspended
materials were determined from samples collected
from a transect of stations oriented normal to the
thermal front to elucidate gradient structure.

THERMAL FIELDS

Surface water temperatures were measured to
the nearest 0.1°C using a towed thermistor (Hy-
drolab Marine Thermometer T4). The average
towing rate was 7.5 knots. Temperature readings
were taken approximately once per minute within

5 km of the front and once per 5 min farther from
the thermal front to yield at least 100 temperature
readings on each sampling date. Temperature val-
ues were plotted on a navigational chart using Lo-
ran C coordinates (in the study area this represents
positioning to within 20 m). These readings yielded
a contour map of surface temperatures.

Vertical temperature structure was determined
by repeated measurements with an EBT (TSK Mi-
com BT). Thermal profiles were determined at the
front and at stations 0.5, 1.0, 3.0, and 5.0 km on
either side of the front. Temperature was mea-
sured to the nearest 0.1°C at 0.5-m intervals from
the surface to the bottom.

DROGUE STUDY

Five drogues were deployed to estimate surface
currents and rate of convergence in the vicinity of
the thermal front. The drogues were set in a pat-
tern of two triangles, with an apex of each triangle
adjoining the thermal front. The front location was
determined from the surface temperature fields
and subsequently marked with an anchored buoy.
“Window shade” drogues consisted of a 1-m? ““sail”’
area extending from about 0.3 m to 1.3 m below
the surface. Each drogue was ballasted and at-
tached to a spar buoy with minimal windage.
Drogues drifted for approximately 8 h and then
were retrieved. The time and Loran C position of
release and retrieval were recorded for each
drogue. The relative positioning errors associated
with timing were negligible. Overall relative po-
sitioning errors were 1-3%.

HybprobyNAMIC MODEL

Convergance and downwelling rates were esti-
mated from sequential locations of all five drogues
using a simple flow model. The model used to es-
timate average downwelling rates from drogue
movements is based on the continuity equation
(mass conservation) for an incompressible fluid:

d1vv=—x+—+—=0 (n

where x = (x, y, z) and v = (u, v, w) are the position
and velocity vectors in a coordinate system fixed
in space with coordinates increasing toward the
east, north, and upward. Integration of Eq. 1 over
a control volume is equivalent to integrating the
velocity component normal to the surface of that
volume over the entire surface. The control vol-
ume employed is cylindrical with the depth (axial
length) equal to half the local water depth and the
cross-sectional area equivalent to the area occupied
by the drifter set. Assuming the simplest possible
velocity structure (linearly varying velocity com-



ponents and w = 0 at the free surface) either in-
tegration can be performed to yield:

oalt [ [ o

This equation shows that the average upwelling

velocity, w, at control depth, d, is proportional to -

the average horizontal divergence (convergence)
rate. The proportionality constant is —d, minus
the control depth. W, is an estimate of the near
maximal downwelling speed at mid-water depth.

METEOROLOGICAL OBSERVATIONS

Meteorological readings (wind speed and direc-
tion, air temperature, relative humidity, and baro-
metric pressure) were taken from instruments on
the research vessel. Readings were made at least
three times throughout the 12-h sampling period
on each sampling date. Wind speed and direction
were recorded on an hourly basis.

WATER CHEMISTRY AND CHLOROPHYLL
MEASUREMENTS

Two stations were sampled for water chemistry
and chlorophyll on April 22 and four on April 29.
On both dates one station was sampled 1.0 km
inshore and one was 1.0 km offshore of the thermal
front. The two additional water chemistry stations,
sampled on April 29, were at the thermal front and
0.5 km inshore of the front. Samples for water
chemistry and chlorophyll were collected at 1-m
depth and at subsequent 5-m intervals at each sta-
tion. Water samples were collected in 5-1 Niskin
bottles and processed immediately. Chemistry sam-
ples were filtered through an HA Millipore filter
(0.45 pm effective pore size), placed into small plas-
tic bottles, and refrigerated. These 250 ml samples
were analyzed for solublesilica (Strickland and Par-
sons 1972), nitrate-nitrogen (Armstrong et al.
1967), and chloride (United States Environmental
Protection Agency 1976) with an Autoanalyzer 11
system. Chlorophyll samples were processed by fil-
tering 1 1 of lake water through a GF/C filter,
placing filters into 5 ml of 90% acetone /water mix-
ture (v/v) with a trace amount of MgCO;, followed
by grinding the filters. Ground filters were allowed
to stand in the 90% acetone for 24 h, and the
chlorophyll concentrations measured on a Turner
Designs model 10 fluorometer.

Results
THERMAL FIELDS

Isotherms on April 22 were roughly parallel to
one another but converged toward shore farther
north (Fig. 2). Consequently, the thermal front was
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Fig. 2. April 22 surface isotherms. Dashed line indicates
track of ship while measuring water temperatures.

4.7 km offshore at the southern end of the sam-
pling area and 2.8 km offshore at the northern end
of the sampling area. Surface water temperatures
within 2 km of shore reached 6°C by April 22, while
offshore of the front the temperatures remained
below 4°C over the entire water column. Winds
immediately preceding the April 22 sampling pe-
riod were light and directed toward the southwest.
During sampling the winds remained toward the
southwest but increased in speed up to 10 m s™*,
One week later, the thermal front remained in
approximately the same coastal orientation, but
the adjacent surface isotherm patterns exhibited
more structure (Fig. 3). Inshore of the front, high
curvature features were formed by the surface 4.5°C
and 4.6°C isotherms (Fig. 3). The scale range char-
acterizing these features was 1-5 km. Shore-par-
allel isotherms were observed within 3 km of the
coast and offshore of the front. The maximum
surface water temperature in the study area was
6.8°C. The front had moved approximately 1.2 km
toward the center of the lake during the week and
was found between 4.0 km and 5.6 km offshore
(converging toward shore in the northern end of
the sampling area). Winds just before and during
April 29 were toward the southwest and stronger
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Fig. 3. April 29 surface isotherms. Dashed line indicates
track of ship while measuring water temperatures.

than the previous week. Wind velocities typically
exceeded 10 m s™! and occasionally gusted to 15
ms~L,

Temperatures immediately inshore of the 4°C
surface on both April 22 and 29 ranged from 4°C
to 5°C and were uniform from 5 m below the sur-
face to the bottom. Surface waters at these stations
were about 0.2°C warmer than at 5 m. Offshore of
the front, temperatures were below 4°C with a small
amount of negative thermal stratification; temper-
atures were about 0.1°C warmer at 30 m than at 5
m (Fig. 4).

CURRENTS

The current regime in the vicinity of the thermal
front was investigated using drogues deployed as
shown in Fig. 5. Drogue movements were used to
estimate surface current velocity, convergence rate,
and downwelling rate. Although the movement of
the drogues revealed dominantly wind-driven near-
surface currents, convergence toward the thermal
front was measured by drogue movements on both
sampling dates. On April 22, the drogues moved
toward the southwest at 5-8 cm s~! aligned with
surface winds with a definite convergence toward
the front. The drogues were deployed in a similar

TEMPERATURE (deg C) : 04/29/88

KM FROM SHORE

DEPTH (M)

8622 R 86 18 86 14
LONGITUDE (DEG ¥)

Fig. 4. April 29 temperature transect and bathymetry for
sampling line at ~42°59'N. Vertical dotted lines show profile
locations.

86.21°

Fig. 5. Drogue movements and location of 4°C isotherm
from April 22 (solid line) and April 29 (dashed line). Open
circles are starting position of April 22 drogues. These drogues
were deployed at approximately 1100 hr and retrieved about
8 h later at locations indicated by solid circles. Drogues deployed
at approximately 1030 hr on April 29 moved from locations
indicated by open squares to locations shown by solid squares
over the course of roughly 9 h. On each date, one drogue was
lost.



TABLE 1. Vertical distribution of water temperature (°C),
chloride (Cl-), soluble reactive silica (5iO,), and chlorophyll
(Chl) at two stations 1.0 km inshore and offshore of thermal
front. Samples from April 22, 1988.

Inshore Offshore

Temp Cl- SiO, Chl Temp Cl- SiO, Chl
Depth  (C) (mgl-) (mgl™) (mgl") (C) (mgl™) (mgl™") (mgl™
1m 4.14 147 1.73 5.14 4.09 108 1.19 240
5m 4.17 139 1.71 496 4.08 10.6 1.15 2.27
10m 4.17 133 141 3.78 3.99 10.7 1.12 1.77
20m 4.19 12.8 149 373 394 104 1.11 232
30 m 3.92 106 1.17 3.36

configuration on April 29, and the drogues moved
to the southeast at about 20-25 cm s,

As mentioned earlier, relative timing errors were
negligible and relative positioning errors were in
the range 1-3%. The separation distance between
drogues was also relatively large compared to the
positioning error so the associated error for posi-
tion differences (used in strain rate estimates) could
be additive and are approximately twice the rela-
tive positioning error (2-6%). The actual obser-
vational uncertainty associated with the drogue
measurements is small compared to the windage
factors for the drogues themselves. Windage fac-
tors vary with drogue design. These ‘“‘window
shade” drogues have an associated windage factor
of 10-30% (McCormick et al. 1985). The errors
associated with first differences of velocity com-
ponents (e.g., calculation of convergence/diver-
gence) and drogue windage should not be additive
because a larger scale wind field adds a consistent
bias which is removed with differencing. There-
fore, we estimate that errors in the convergence/
divergence estimates are 30% or less.

The surface flow converged along the outer edge
of the front (near the 4°C isotherm). The results
showed that on April 22 the rate of convergence
was approximately 2.4 x 1075 s! and the esti-
mated rate of downwelling was 0.24 mm s~! or
20.7 m d~!. This rate of downwelling was sufficient
to move a water ‘“‘parcel’ from the surface to the
bottom (20 m) in 2 d. The following week, the rate
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of convergence was smaller at approximately 7.46
X 107% s7!, yielding a downwelling rate of 0.11
mm s~ or 9.5 m d~'. This rate of downwelling was
sufficient to move a “parcel” of water from the
surface to the bottom (30 m) in 6 d. The down-
welling rates computed are the mid-water column
maxima, as estimated by the simple hydradynamic
model described above. The advection time esti-
mates assume that vertical velocity varies from this
mid-water maximum to zero at the surface and
bottom as per the flow model of Bennett (1971).

DissOLVED AND SUSPENDED MATERIALS

The distributions of dissolved and suspended
matter covaried with the physical structure of the
front. The resuits from both April 22 and 29 show
that concentrations of chloride, soluble-silica, ni-
trate-nitrogen, and chlorophyll were all higher 1.0
km inshore compared to 1.0 km offshore of the
4°C surface. The contrast was most pronounced on
April 22 (Table 1) when average chloride concen-
trations were 13.66 mg 1! inshore and 10.63 mg
1=! offshore, a difference of 28.5% in the mean
values, Likewise, nitrate-nitrogen varied from 0.501
mg 17! inshore to 0.396 mg 17! offshore of the
thermal front. Soluble silica showed a similar but
smaller trend. The largest contrast across the ther-
mal front was for chlorophyll; inshore concentra-
tions were almost twice the offshore values (Table
1). Most variables were uniformly distributed
throughout the water column offshore of the front
(Table 2). Chloride, for example, varied by only
0.4 mg 17! offshore of the front while inshore of
the front it varied by 1.9 mg I-!. Similar distri-
butions were observed for soluble reactive silica,
with surface to bottom differences of 0.32 mg 1-!
and 0.08 mg 1-! inshore and offshore of the front,
respectively.

Contrasts across the thermal front in concentra-
tions of chloride, soluble silica, and chlorophyll
were also present on April 29 (Table 2). But, these
contrasts were smaller than the previous week, per-
haps due to the effects of intensified wind-forcing
and consistent with the observed relatively weak

TABLE 2. Vertical distribution of water temperature (°C), chloride (Cl~), soluble reactive silica (SiO,), and chlorophyll (Chl) at
three stations 1.0 km inshore of the front, at the front, and 1.0 km offshore of the front. Samples from April 29, 1988.‘

Inshore

Front

Offshore

Temp Cl- SiO, Chi Temp Cl- SiO, Chl Temp Cl- $i0, .~ Chl
Depth (C) (mg 17") (mg 17Y) (mg 1) ¢C) (mg 1Y) (mg 1I") (mg 1-) ¢C) (mg 1) (mg I"Y) (mg 1Y)
1m 4.45 9.95 0.84 2.05 4.40 10.7 0.99 2.35 3.22 9.69 0.87 1.82
5m 4.44 9.95 0.85 2.23 4.34 10.7 1.05 2.12 3.19 9.85 0.91 2.04
10m 4.43 9.99 0.86 2.17 4.27 10.6 0.98 2.42 3.20 9.81 0.89 1.69
15m  4.42 10.0 0.83 2.30
20 m 4.30 10.4 0.97 2.20 3.20 9.68 0.89 1.96
30 m 4.31 10.2 1.06 2.27 3.27 9.74 0.88 1.83
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Fig. 6. Grand River daily average flow rate data. Left panels show frequency of occurrence histograms for period spanning 1900
to 1991. Overbars show ranges for survey period. Right panel shows time history of Grand River daily average flow rate data for
spring 198B. Overbar spans interval shown in expanded format in upper right panel. Note that two-week period immediately

preceding survey dates is one of anomalously high flow rate.

horizontal flow convergence. For example, aver-
age chloride concentrations were approximately
10.28 mg 17! inshore compared to 9.75 mg 1-!
offshore of the thermal front, leaving a net differ-
ence of only 0.53 mg 1-!. This difference of 6% is
less than the 30% difference observed the previous
week. Similar to the chloride distribution, smaller
differences across the thermal front were observed
on April 29 in mean concentrations of soluble silica
and nitrate-nitrogen (Table 2). The distribution of
chloride, soluble reactive silica, and chlorophyll on
April 29 showed much smaller contrasts both across
the front and with depth (Table 2) compared to
the previous week. For example, chloride varied
by no more than 0.5 mg 1! from the surface to
bottom at stations 1.0 km inshore or offshore of
the front or at the front. Likewise, the vertical
variation in the concentrations of soluble reactive
silica and chlorophyll was relatively small. The
highest average concentrations of all three vari-
ables were found at the front compared to offshore
and inshore of the front.

Discussion
Ri1vER RUNOFF AND WIND STRESS

Early in the evolution of the vernal thermal front,
river runoff is usually the primary source of heat,
with temperature differentials of 5°C to 10°C oc-
curring between river runoff and lake water in
early spring. Heat flux estimates based on typical

values of riverine mass flux (>107 m?® d=!) and riv-
er-to-lake temperature contrast of 5-10°C for
southeastern Lake Michigan suggest that in the
early spring riverine input is a prime source of
nearshore water warmer than 4°C. This warm,
buoyant coastal water can drive a convergent sur-
face circulation which in turn effectively transports
chloride, nutrients, and particular substances, such
as fine sediment and phytoplankton, from near-
shore areas lakeward. In the early development
stages of the front, the volume of warmed coastal
lake water is comparable to the integral flux of
river water into the lake basin.

Figure 6 shows time series and frequency of oc-
currence data for the major river source near our
study area. These data illustrate typical flow rates
for the annual cycle and for the month of April
only, and how flow rates in our specific sampling
interval compare to the longer term rates. “Fill-
time” estimates for a nearshore coastal wedge (of
dimensions 10 km X 3 km x 15 m)are of the order
30 d. This suggests that river inflow exerts a sig-
nificant influence on these coastal waters especially
if important environmental constituents are more
concentrated in river waters. For example, if a riv-
erine constituent has a perturbation value 10 times
greater than the range observed in coastal waters,
a first-order change in coastal values can be in-
duced by a few days of riverine input.

The importance of the heating from spring run-



off varies on an interannual basis depending on the
relative amplitude and phasing of the major period
of runoff with the direct solar warming of surface
waters. Rossmann (1986) found in southeastern
Lake Michigan that during some years the near-
shore waters warmed more slowly, suggesting a
lesser contribution from river runoff; remarkably,
in 1975, a thermal front was not observed in south-
eastern Lake Michigan (Rossmann 1986). As the
thermal front becomes established in the mid-
spring, direct solar insolation begins to dominate
the thermal regime because streamflows are di-
minished from their annual maximum and the in-
creasing volume of water between the front and
nearshore lessens the relative impact of heat input
from runoff.

Warming from solar insolation and river runoff
tends to determine the basic thermal regime, sets
the speed of the migration of the front, and forces
the formation of average circulation patterns (Ben-
nett 1971; Rodgers 1987). However, wind stress
may have an effect at somewhat smaller scales as
can be inferred from a comparison of frontal struc-
ture on April 22 and 29. On both dates the same
general structure was observed and the front was
found in approximately the same orientation with
respect to the shore although the front had mi-
grated 1.2 km farther offshore in one week. This
progression rate is considerably lower than the av-
erage rate (~1 km/d~') required over the full
warming period. These results indicate that sus-
tained and increased wind stress can significantly
alter the surface thermal regime adjacent to the
front.

The temperature structure observed during
higher winds suggests the possibility of frontal in-
stabilities similar in character and scale to those
anticipated by Huang’s (1969, 1972) frontal sta-
bility studies. These instabilities will enhance cross-
frontal exchange and mixing which in turn can
induce downwelling (due to the formation of 4°C
water) and enhance vertical transport (downward)
of near-surface dissolved and particulate constit-
uents. Heat is efficiently transported from coastal
waters lakeward, but there is relatively little ver-
tical heat transfer in the frontal region proper be-
cause the downwelling zone of the frontal region
is weakly stratified with respect to temperature and
density. Figure 5 illustrates the possible impor-
tance of horizontal (versus vertical) flux compo-
nents.

One remarkable aspect of this circulation regime
is that it is potentially self-sustaining once initiated
as long as a horizontal temperature differential ex-
ists across the 4°C surface. That is, further surface
or nearshore heating or wind mixing/stirring is
not required once the convergent/downwelling
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process begins. This accounts, to some degree, for
the observed persistence of structure associated
with this particular type of front. Ultimately, heat-
ing/cooling mechanisms must act to maintain the
cross-frontal temperature gradient. Zilitinkevich
et al. (1992) show that flow convergence and sub-
sequent heat transfer into the frontal zone is an
important transport mechanism.

DiSTRIBUTION OF DISSOLVED AND
SUSPENDED MATERIALS

The physical processes associated with the ther-
mal front have an impact on the distribution of
dissolved substances and suspended particles. As
mentioned above, the initial development of vernal
thermal fronts often coincides with the period of
spring runoff in the Great Lakes basin. This runoff
carries high concentrations of many dissolved ma-
terials, including chloride and nutrients (Schelske
et al. 1980; Moll et al. 1991) that originate from
road salt and nonpoint sources. The runoff tends
to remain nearshore in the early spring creating a
band of enriched water along the coast (Davis et
al. 1980; Moll and Brahce 1986; Rossmann 1986).
This sequence of events was evident in 1988 as the
Grand River discharge was a recognizable plume
with different optical characteristics. The plume
was diverted to the right on April 22 as it entered
the lake basin. This diversion toward the right was
probably a response to a counter-clockwise flow
along the edge of the basin which tends to be a
large-scale feature of all the Great Lakes (Morti-
mer 1988). The general structure of the entrained
river plume, with warmer, lighter water flowing
counter-clockwise at the surface nearshore, is very
similar to the expected ‘‘thermal bar” circulation
which is usually attributed to direct solar warming
of nearshore waters in the absence of riverine
sources, _

This study has shown that there are some im-
pacts associated with the enriched runoff waters.
Chloride, which served as a conservative tracer,
showed high (13-14 mg 1~!) concentrations in-
shore of the thermal front with relatively uniform
concentrations from the surface to the bottom (Ta-
ble 1). Offshore of the front, chloride concentra-
tions matched known mid-winter ambient lake lev-
els (9-10 mg 1) (Rousar 1973). A similar pattern
was observed on April 29, although the contrast
in chloride concentrations across the front (10-11
mg 17! inshore versus 9-10 mg 1! offshore) was
small compared to April 22 (Table 2). This chlo-
ride distribution is consistent with frontal conver-
gent circulation patterns, indicated by the drogue
measurements, which effectively transport near-
shore constituents lakeward, and in the frontal re-
gion proper, from surface to deep basin waters. In
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Fig. 7. Schematic water property diagram showing parallel
aspects of riverine source water evolution in limnetic (top) and
estuarine environments (bottom). In each case, mixing lines are
shown with potential paths for active scalar fields with signifi-
cant in situ source (boxes) or sink (circles) mechanisms.

the vicinity of the 4°C isotherm, density stratifi-
cation is generally very weak (due to the fact that
op/6T =i 0 for pure water). Here even small per-
turbations in dissolved chemical constituents (~1
mg 1) can have a stabilizing or destabilizing in-
fluence upon the density field. In Lake Michigan,
the total range of temperature-induced density dif-
ference from 3.5°C to 4.5°C is equivalent to ~2
mg 17",

Observations by Rossmann (1986) in southeast-
ern Lake Michigan showed this frontal pattern was
a consistent feature during April from 1974 to
1982. The influence of river runoff was evident
over this 9-yr span because nearshore chloride con-
centrations were always elevated over ambient mid-
lake levels. In some years average chloride con-
centrations differed by 30-40% across the thermal
front while in other years the difference was less
than 5%, indicating the possible importance of the
phasing of periods of high runoff to direct solar
warming. The results from this study showed both
extremes can occur at the same location separated
by only 7 d. Therefore, concentrations of runoff-
related constituents can modulate on relatively
short time scales requiring both frequent sampling
within any one year and interannual studies.

As the runoft wanes during the later stages of
the spring transition (May and June in southeastern
Lake Michigan), nutrient inputs derived from run-
off become small and nearshore waters may be-
come nutrient depleted as supplies of orthophos-
phorus and soluble silica are reduced by surface
phytoplankton growth (Schelske et al. 1980). A
pattern of relatively low nutrient concentrations
immediately adjacent to the shore and higher con-

centrations adjacent to the thermal front has been
observed (Mortimer 1988). This pattern can be
realized if there is a nutrient source, such as cross-
frontal exchange from nutrient-rich mid-lake wa-
ter in the frontal region of a nearshore nutrient
sink associated with phytoplankton growth.

The distribution of suspended materials in the
nearshore zone is also highly impacted by the ther-
mal front and associated current regime. Spring
runoff carries high suspended sediment loads which
contribute to a general level of nearshore turbidity
(Chang and Rossmann 1988). This material, which
is readily observable both from ships and remote
sensing platforms, eventually reaches the front and
contributes to the distinct color gradient observed
near the thermal front. This process differs from
the long-term evolution of nutrient fields because
of differing source/sink mechanisms for suspend-
ed sediment. High phytoplankton biomass just in-
side the front also contributes to the color contrast.

PossiBLE INFLUENCES OF THERMAL
FroNTs ON Foop WEBS

Several previous studies have observed or spec-
ulated that the plankton, particularly the phyto-
plankton, are affected by the presence of the ther-
mal front and the associated current regime (Scavia
and Bennett 1980; Mortimer 1988; Franks 1992).
The phytoplankton found adjacent to the thermal
front in Lake Michigan is comprised mostly of di-
atoms with highest abundances typically found in-
shore and often immediately offshore of the front
(Bowers et al. 1986; Rossmann 1986). The algae
may have been provided favorable conditions for
growth from the nutrient-enriched waters that are
confined near the surface by nearshore thermal
stratification extending inshore of the thermal
front. Convergent flow may move these algae to
the front and then below the surface. The frontal
convergence and downwelling can also rapidly
move plankton from the surface to the bottom
where they may serve as an important source of
food for the benthos. As the front moves offshore
and riverine nutrients decline, cross-frontal ex-
change may become a source of nutrients for the
phytoplankton. The results from this study do not
provide enough information to confirm that this
sequence of events occurred in April 1988. But,
the distribution of chlorophyll on April 22, 1988,
was compatible with the concepts described above.
Highest chlorophyll concentrations were observed
inshore of the 4°C surface and along the frontal
boundary to the bottom (Table 1).

COMPARISON OF ESTUARIES, HYPERSALINE
ESTUARIES AND THERMAL FRONTS
Both estuaries and nearshore zones of large lakes
often are characterized by large influxes of river



runoff. This runoff may be less dense than the
receiving waters but for different reasons in each
case. The runoff into the estuary is less saline and
perhaps warmer while temperature is the primary
factor determining density in the limnetic envi-
ronment. Despite these differences, the primary
response is that the less dense runoff floats on the
surface and spreads in a buoyancy-driven flow. The
runoff is usually confined to nearshore areas re-
sulting in zones of high temperature/density/
chemical gradients. Typically, the runoff is nutri-
ent-enriched which promotes high chemical gra-
dients across the fronts. Mixing processes tend to
dissipate the nutrient gradients, but runoff serves
to replenish the dispersed nutrients and sustains
the gradients.

An illustration of conceptual parallels between
riverine properties introduced into large lakes and
estuaries is shown in Fig. 7. Prime properties con-
tributing to a density anomaly in each case are
associated with two orthogonal axes while a third
orthogonal axis measures change in environmen-
tally important scalar constituents such as dissolved
nutrients (AINUTS]) and suspended particulates
(A[PARTS]). Generally speaking, riverine source
waters contribute to local anomalies in density
(temperature, salinity) and in other scalar fields.
As river waters are mixed into the respective re-
ceiving waters the associated anomalies diminish.
Passive scalar constituents “‘blend” along a mixing
line. Fields with significant *“‘sink” mechanisms di-
minish faster than pure mixing would allow (e.g.,
nutrient uptake by phytoplankton, particle set-
tling, etc.). Fields with significant “source”” mech-
anisms can sustain themselves, relatively speaking,
as dilution through mixing progresses (e.g., phy-
toplankton growth and related particle produc-
tion).

An interesting parallel can be drawn between
thermal fronts in the Great Lakes and hypersaline
estuaries, such as the Van Diemen Gulf (Wolanski
1988), the Casamance River (Pages and Debenay
1987; Pagés et al. 1987), and the Lower Laguna
Madre (Breuer 1962). These systems arise in part
from intense rates of evaporation and minimal
freshwater flow into the estuary. The most saline
and dense waters are associated with hypersaline
conditions in the central portion of the estuary.
Small perturbations in the density field due to in
situ processes can cause analog convergent circu-
lations and ‘‘bottom water” formation. This pro-
cess occurs in the offshore portion of the Great
Lakes frontal zone mediated by larger scale hori-
zontal mixing and stirring processes. In the Van
Diemen Gulf, this occurs as a result of evaporative
fluxes in the outer reaches of the gulf as estuarine
waters make their way to the Arafura Sea. Both in
the Casamance River and the Van Diemen Gulf,
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the densest water sinks to the bottom of the estuary
causing surface convergence from each end of the
estuary, much like the convergence induced by the
sinking of 4°C water at the limnetic thermal front.
These physical processes which are analogous to
limnetic thermal fronts appear to create chemical
gradients and zones of heightened productivity
(Guillou et al. 1987; Le Reste and Collart-Odinetz
1987) which are also analogous to thermal fronts
in large lakes.

Summary

The results from this study indicate that the
chemical and biological fields associated with ver-
nal thermal fronts in southeastern Lake Michigan
directly covary with the physical features observed
during the spring transition period. The major
physical characteristics observed were as follows.
A thermal front was readily observable by distinct
color and temperature gradients. Surface iso-
therms generally ran parallel to one another and
were modulated by surface wind forcing. In south-
eastern Lake Michigan, the thermal front was not
strictly shore-parallel, but converged toward shore
in the northern end of the sampling area. The
front migrated approximately 1.2 km toward the
center of Lake Michigan in one week. Surface cur-
rents converged at the front from the nearshore
and offshore regions of Lake Michigan. The esti-
mated surface convergence rate (7-20 x 10-6s~1)
implied a substantial frontal downwelling rate
(ranging from 10 m d~' to 20 m d~!), and surface
temperature patterns or structure with horizontal
scales of 1-5 km observed near the front were
possible manifestations of flow instability.

These physical features appeared to have the
following effects on the distribution of dissolved
and suspended material. Spring runoff, which was
enriched with nutrients and chloride, was advected
toward the offshore edge of the frontal system by
convergent current structure. Concentrations of
nutrients and chloride were higher inshore versus
offshore of the front. Significant gradients of dis-
solved and suspended materials were observed
across the front. The aquatic environment just in-
shore of the thermal front was characterized by
high chlorophyll concentrations (up to twice the
offshore concentrations and from 3 to 10 times
typical values observed at the surface during the
mid-summer). The uniform vertical structure in
chlorophyll concentrations at the front is consis-
tent with convergence (directly observed) and
downwelling (inferred from a simple flow model)
in the flow field. The density perturbations asso-
ciated with the chloride field were of sufficient
magnitude (compared to temperature-related den-
sity effects) to induce instability in the density field
at the outer edge of the frontal zone.
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This study, combined with results and hypoth-
eses put forward in other studies, suggests that the
overall timing and detailed spatial structure of the
vernal thermal front regime can be highly variable.
The duration and timing of frontal development
has an impact upon the density and composition
of the springtime phytoplankton community. The
spatial structure of the frontal regime may deter-
mine the magnitude of the associated horizontal
or vertical fluxes of important physical, biological,
or chemical properties and thus the relative con-
tribution of energy to primary and secondary seg-
ments of the food web in different parts of the
water column. The vertical transport of phyto-
plankton to deeper lake waters through frontal
subduction may be one mechanism for controlling
integral food web structure. The mechanisms reg-
ulating the formation and fluxes of particulates
also have important implications with regard to the
pathways and fates of toxic substances.

ACKNOWLEDGMENTS

This publication is a result of work sponsored by the Michigan
Sea Grant College Program, project number M/PM-3, under
grant number NA86AA-D-SG043 from the Office of Sea Grant,
National Oceanic and Atmospheric Administration (NOAA),
United States Department of Commerce, and the Cooperative
Institute for Limnology and Ecosystems Research under co-
operative agreements from the Environmental Research Lab-
oratory (ERL), NOAA under cooperative agreement No.
NA9YORAHO00079. The United States Government is author-
ized to produce and distribute reprints for governmental pur-
poses notwithstanding any copyright notation appearing here-
on. Research support was also provided from the Committee
on Scholarly Communication with the People’s Republic of Chi-
na, National Academy of Sciences, and the Office of the Vice
President for Research, The University of Michigan, to W. Y.
B. Chang. S. Nicolini and T. Hunter of the Great Lakes En-
vironmental Research Laboratory provided invaluable assis-
tance with the computer graphics and supplied river flow data,
respectively. Contribution No. 559 from the Center for Great
Lakes and Aquatic Sciences, The University of Michigan.
GLERL Contribution No. 824.

LiTERATURE CITED

ARrRMSTRONG, F. A, C. R. STEARNS, AND J. D. H. STRICKLAND.
1967. The measurement of upwelling and subsequent bio-
logical processes by means of the Technicon Autoanalyzer
and associated equipment. Deep-Sea Research 14:381-389.

BENNETT, J. R. 1971. Thermally driven currents during the
spring and fall transition periods, p. 535-544. In Proceedings,
14th Conference Great Lakes Research, International As-
sociation for Great Lakes Research. Ann Arbor, Michigan.

BoweRs, J. A., R. RossMANN, J. BARRES, aND W. Y. B. CHANG.
1986. Phytoplankton populations of southeast Lake Michi-
gan 1974-1982, p. 141-168. In R. Rossmann (ed.), Impact
of the Donald C. Cook Nuclear Plant. University of Michigan,
Great Lakes Research Division, Publication number 22. Ann
Arbor, Michigan.

Bovcg, F. M. 1974. Some aspects of Great Lakes physics of

importance to biological and chemical processes. Journal of

the Fisheries Research Board of Canada 31:689-730.

BREUER, J. P. 1962. An ecological survey of the Lower Laguna
Madre of Texas, 1953-1959. Publications of the Institute of Ma-
rine Science, University of Texas 8:153-183.

CHANG, W. Y. B. AND R. RossManN. 1988. Changes in the
abundance of blue-green algae related to nutrient loadings in
the nearshore of Lake Michigan. Hydrobiologia 157:271-278.

Csanaby, G. T. 1978. Water circulation and dispersal mech-
anisms, p. 21-64. In A. Lerman (ed.), LAKES: Chemistry,
Geology, Physics. Springer-Verlag, New York.

Davis, C. O., C. L. ScHELSKE, AND R. G. Krets. 1980. Influ-
ences of spring nearshore thermal bar, p. 140-164. In C. L.
Schelske, R. A, Moll, and M. S. Simmons (eds.), Limnological
Conditions in Southern Lake Huron, 1974 and 1975. United
States Environmental Protection Agency report number EPA-
600,/3-80-074.

Franks, P. J. S. 1992, Phytoplankton blooms at fronts: Pat-
terns, scales, and physical forcing mechanisms. Reviews in
Aquatic Sciences 6:121-137.

GuiLLoy, J. J., J. P. DEBENAY, AND J. Packs. 1987. L’avifaune
aquatique de I’estuarie de la Casamance (Sénégal), en amont
de Ziguinchor. Revue d’Hydrobiologie Tropicale 20:311-322.

Huang, J. C. K. 1969. The thermal current structure in Lake
Michigan—A theoretical and observational model study. Ph.D.
Dissertation, The University of Michigan. 169 p.

Huang, J. C. K. 1972. The thermal bar. Geophysical Fluid Dy-
namics 3:1-25. .

LE RESTE, L. AND O. COLLART-ODINETZ. 1987. Etude des dé-
placements de crevettes dans V'estuaire de la Casamance (Sé-
négal). Revue d’Hydrobiologie Tropicale 20:271-278.

McCorwMick, M. ., A. H. CLiTEs, AND J. E. CampBeELL. 1985,
Water-tracking ability of satellite-tracked drifters in light
winds. Marine Technology Society Journal 19:12-17.

MoLt, R. A. aNp M. Z. Brance. 1986. Seasonal and spatial
distribution of bacteria, chlorophyll, and nutrients in near-
shore Lake Michigan. Journal of Great Lakes Research 12:52—
62.

Motr, R. A, C. O. Davis, anp C. L. ScHELSKE. 1980. Phy-
toplankton productivity and standing crop in the vicinity of
the Lake Huron-Saginaw Bay front. Journal of Great Lakes
Research 6:232-246.

MoLL, R. A, R, RossMANN, J. A. BARRES, AND F. J. HORVATH.
1991. Historical trends of chlorides in the Great Lakes, p.
303-322. In F. M. D'Itri (ed.), Deicing Chemicals and the
Environment. Lewis Publishers, Chelsea, Michigan.

MorTiMER, C. H. 1988. Discoveries and testable hypotheses
arising from coastal zone color scanner imagery of southern
Lake Michigan. Limnology and Oceanography 33:203-226.

Oxupo, A. 1980. Diffusion and ecological problems: Mathe-
matical models. Springer-Verlag, New York. 254 p.

Pacis, J. AND J.-P. DEBENAY. 1987. Evolution saisonniére de
la salinité de la Casamance. Description et essai de modélisa-
tion. Revue d’"Hydrobiologie Tropicale 20:203-218.

Pacts, J., J.-P. DEBENAY, AND J. Y. LE BrusQ. 1987. L’envi-
ronnement estuarien de la Casamance. Revue d’Hydrobiologie
Tropicale 20:191-202.

RopGEeRrs, G. K. 1966. The thermal bar in Lake Ontario, spring
1965 and winter 1965-66, p. 369-374. In Proceedings 9th
Conference Great Lakes Research, University of Michigan,
Great Lakes Research Division Publication number 15. Ann
Arbor, Michigan.

Robcers, G. K. 1968. Heat advection within Lake Ontario in
spring and surface water transparency associated with the
thermal bar. p. 480-486. In Proceedings 11th Conference
Great Lakes Research, International Association for Great
Lakes Research. Ann Arbor, Michigan.

Robpcers, G. K. 1987. Time of onset of full thermal stratifi-
cation in Lake Ontario in relation to lake temperature in
winter. Canadian Journal of Fisheries and Aquatic Sciences 44:
2225-2229.



RossMaNN, R. 1986. Waters of southeastern nearshore Lake
Michigan, p. 51-86. In R. Rossmann (ed.), Impact of the
Donald C. Cook Nuclear Plant. University of Michigan, Great
Lakes Research Division, Publication number 22. Ann Arbor,
Michigan.

Rousar, D. C. 1973. Seasonal and spatial changes in primary
production and nutrients in Lake Michigan. Water, Air and
Soil Pollution 2:497-514.

SAYLOR, J. H,, J. R. BENNETT, F. M. Bovcg, P. C. Ly, C. R.
MurTy, R. L. PIcKETT, AND T. J. SiMONs. 1981. Water move-
ments, p. 247-324. In E. J. Aubert and T. L. Richards (eds.),
IFYGL—The International Field Year for the Great Lakes.
National Oceanic and Atmospheric Administration, Great
Lakes Environmental Research Laboratory, Ann Arbor,
Michigan.

Scavia, D. anD J. R. BENNETT. 1980. Spring transition period
in Lake Ontario—A numerical study of the causes of the
large biological and chemical gradients. Canadian Journal of
Fisheries and Aquatic Sciences 37:823-833.

ScHELSKE, C. L., L. E. FELDT, AND M. S. StMmoONs. 1980. Phy-
toplankton and Physical-Chemical Conditions in Selected Riv-
ers and the Coastal Zone of Lake Michigan, 1972. University
of Michigan, Great Lakes Research Division, Publication
number 19. Ann Arbor, Michigan.

Lake Michigan Thermal Front 103

STOERMER, E. F. 1968. Nearshore phytoplankton populations
in the Grand Haven, Michigan vicinity during thermal bar
condition. p. 137-150. In Proceedings 11th Conference Great
Lakes Research, International Association for Great Lakes
Research. Ann Arbor, Michigan.

STRICKLAND, ]J. D. H. anD T. R. Parsons. 1972. A practical
handbook of seawater analysis. Fisheries Research Board of
Canada Bulletin 167.

TikHoMIROV, A. 1. 1963. The thermal bar of Lake Ladoga.
Bulletin (Izvestiya) All-Union Geographical Society 95:134-142.
American Geophysical Union Translation, Soviet Hydrology:
Selected Papers Number 2.

UNITED STATES ENVIRONMENTAL PROTECTION AGENCY. 1976.
Manual of Methods for Chemical Analysis of Water and
Wastes. Office of Technology Transfer, Cincinnati, Ohio.

Woranskl, E. 1988. Circulation anomalies in tropical Austra-
lian estuaries, p. 53-60. In B. Kjerfve (ed.), Hydrodynamics
of Estuaries, Vol. II. CRC Press, Inc., Boca Raton, Florida.

ZiLITINKEVICH, S. S., K. D. KREIMAN, AND A. Y. TERZHEVIK.
1992. The thermal bar. Journal of Fluid Mechanics 236:27-
42.

Recetved for consideration, March 1, 1992
Accepted for publication, December 15, 1992






